The carbon to oxygen ratio in a protoplanetary disk can have a dramatic influence on the compositions of any terrestrial planets formed. In regions of high C/O, planets form primarily from carbonates and in regions of low C/O, the ratio of magnesium to silicon determines the types of silicates which dominate the compositions. We present C/O and Mg/Si ratios for 849 F, G, and K dwarfs in the solar neighborhood. We find that the frequency of carbon-rich dwarfs in the solar neighborhood is < 0.13% and that 156 known planet hosts in the sample follow a similar distribution as all of the stars as a whole. The cosmic distribution of Mg/Si for these same stars is broader than the C/O distribution and peaks near 1.0 with ∼ 60% of systems having 1 ≤ Mg/Si < 2, leading to rocky planet compositions similar to the Earth. This leaves 40% of systems that can have planets that are silicate rich and may have very different compositions than our own.
INTRODUCTION
Obtaining the masses of transiting exoplanets allows us to measure their bulk densities, an important step in understanding their interior compositions. Improvements in radial velocity precision are pushing those measurements into the regime of terrestrial mass planets (Motalebi et al. 2015; Pepe et al. 2011) . A range of possible interiors is still possible due to varying ratios of heavy elements (Madhusudhan et al. 2012) .
Chemistry is one of the important environmental factors in the protoplanetary disk. Given a temperature and pressure profile for the disk, the abundance of different elements determines the composition and structure of planet interiors. Because stellar atmospheres evolve slowly, the elemental abundances of planet host stars reflects the composition of their planet forming disks.
The prevalence of carbon and oxygen and the favorable thermodynamics of carbon monoxide bonds make CO a dominant molecular component of the gaseous protoplanetary disk (Pontoppidan et al. 2014; Gail & Sedlmayr 2014) . As solids condense out, the ratio of carbon to oxygen influences the planetesimal geology (Pontoppidan et al. 2014) . If the C/O ratio is above a threshold value, then there is almost no free oxygen available to form silicates and the geology will be dominated by carbonates (Kuchner & Seager 2005) ; under high pressure, these are expected to form crystal diamond compositions (Madhusudhan et al. 2012) . When the C/O ratio is below that threshold, planetesimal geology is primarily magnesium silicates. The threshold rajohn.brewer@yale.edu debra.fischer@yale.edu tio is ∼ 1 at the formation sites of the planetesimals, but due to the temperature structure and evolution of the protoplanetary disk, initial ratios as low as 0.65 can still lead to carbon rich conditions (Moriarty et al. 2014 ). The solar system C/O is ∼ 0.54 (Caffau et al. 2011; Asplund et al. 2009 ) and the rocky planets have magnesium silicate compositions despite carbon being almost ten times more abundant in the solar photosphere than silicon (Asplund et al. 2009 ).
The nucleosynthetic pathways for carbon and oxygen are slightly different. Although both are formed in the explosions of massive stars, the majority of carbon comes instead from lower mass stars (Woosley et al. 2002) . The evolutionary pathway to carbon rich dwarf is exceedingly narrow and involves mass transfer from an AGB companion (Steinhardt & Sasselov 2005) . Oxygen is the most abundant heavy element produced by massive stars (Woosley & Weaver 1995) . Their more rapid evolution will result in an initially low C/O ratio that will increase as AGB winds contribute carbon to the interstellar medium. Galactic chemical evolution (GCE) models predict that the ratio of C/O should peak at just slightly greater than solar (Gaidos 2015; Kobayashi et al. 2006; Gustafsson et al. 1999) . Photometric surveys and targeted searches for carbon dwarfs (Steinhardt & Sasselov 2005) have found that fewer than 0.1% of main sequence stars are carbon rich (i.e. C/O > 1) (Covey et al. 2008) .
In contrast, some high resolution spectral analyses of carbon and oxygen lines have found that the fraction of stars with C/O ratios > 1 may be as high as 6-10% (Petigura & Marcy 2011; Delgado-Mena et al. 2010) (Nissen et al. 2014; Teske et al. 2014) . Uncertainties in the high C/O tail of the distribution could also reduce the number of stars with high C/O to 1-5% (Fortney 2012) . Almost constant errors in the logarithmic abundances lead to a log normal distribution of the C/O errors. The result is higher uncertainties at higher C/O ratios. However, 1-5% of stars with C/O > 1 is still more than a factor of 10 greater than that expected from the frequency of carbon dwarfs or from galactic chemical evolution models. Fewer than 1% of M dwarfs in the solar neighborhood, which should show clear evidence of high C/O ratios in their spectra, have 0.8 < C/O < 1.0.
For oxygen rich systems (i.e. C/O < 1) the silicate minerology will be determined by the local Mg/Si ratio. Magnesium and silicon form in nearly equal abundance to each other, solar Mg/Si = 1.05 (Grevesse et al. 2007) , and there are 3 regimes of mineral formation as that ratio varies. When Mg/Si < 1, the magnesium is consumed in producing pyroxene (MgSiO 3 ) with the remainder of the silicon in feldspars. In systems with 1 < Mg/Si < 2 there will be a mix of pyroxene and olivine (Mg 2 SiO 4 ) similar to the solar system. Olivine and other magnesium compounds such as MgO and MgS will dominate in the case of Mg/Si > 2 (Gail & Sedlmayr 2014; Carter-Bond et al. 2012) . The particular geology could have profound consequences for differentiation and energy transport in the planet interior, and ultimately for the habitability of the resulting planets and our ability to characterize them.
We examine the C/O ratios for 849 F, G, and K dwarfs in the solar neighborhood. We also derive the distribution of Mg/Si ratios and compare both the C/O and Mg/Si ratios for known planet hosts to the general sample. These distributions can inform theoretical expectations of protoplanetary disk compositions and the range of exoplanet interiors.
2. DATA AND ANALYSIS The catalog of Brewer et al. (2016) has abundances of 15 elements including C, O, Mg, and Si for more than 1600 F, G, and K stars. The stars were all observed using the HIRES instrument on the Keck telescope with the same instrumental setup. Most of the stars were observed as part of the California Planet Search (CPS) program and have a typical SNR 100. A subset of fainter targets, mainly Kepler stars, were observed at lower SNR. The analysis used Spectroscopy Made Easy (SME) in an iterative procedure with a single line list. The initial guesses for the stellar parameters assumed a solar abundance pattern and chose T eff from broadband colors. Global stellar parameters (T eff , log g, [M/H], and v mac with v sin i=0) and the abundances of three α elements (Ca, Si, Ti) were fit with a synthetic model using a Levenberg Marquardt algorithm. These global parameters were then fixed when fitting for abundances of 15 elements including the three α elements. Using the new abundance pattern, an iteration was carried out to refine the spectral synthesis model. Small residual trends in abundances with T eff were fit and removed to provide corrected abundances.
Solar Relative Abundances
The spectral model included more than 7500 atomic and molecular lines in segments between 5160Åand 7800Å. The line parameters for the analysis were tuned against the solar flux atlas of Wallace et al. (2011) using the abundance pattern of Grevesse et al. (2007) . Twenty spectra of reflected sunlight from 4 asteroids taken on 5 separate epochs were used to verify that the procedure returned the solar values. The mean offset in abundance was ∼ 0.02 dex with an rms scatter of less than 0.01 dex for most elements. The mean offsets in asteroid abundances were removed from the final abundances to yield self-consistent solar relative values.
Sample Selection
The final corrected abundances show a precipitous rise in scatter for stars with SNR < 100 and a weaker, but noticeable, increase in scatter for stars with v sin i 15 km/s and T eff 5000 K. There are also trends of opposite sign in the oxygen and carbon abundances above ∼ 6000 K. We therefore restrict our analysis to those with SNR > 100, 6100 K > T eff > 4800, and v sin i ≤ 20 km/s. Neither magnesium or silicon show significant trends for all stars in the Brewer et al. (2016) catalog and these elements have a lower scatter than oxygen or carbon.
Our goal in this work is to determine the distribution of C/O ratios in dwarf stars in the local neighborhood in order to assess potential influences on planet formation. In order to avoid carbon enhancement from stellar evolution, we restrict the sampe to main sequence stars with log g ≥ 3.5. These cuts resulted in a sample of 849 stars.
There are 156 known planet hosts out of the 849 stars in our sample (dark blue regions in Figure 1 ). The majority of the planet hosts were detected with radial velocity and so are biased towards more massive planets; 110 of the hosts have giant planets (> 0.7R Jup or > 0.2M Jup ) and 60 of those have semi-major axes less than 1 AU. The remainder of the stars on the CPS Doppler survey with undetected planets are likely to host smaller planets; very few will have gas giant planets. Brewer et al. (2016) to calculate the C/O ratios (Equation 1). Here [X/H] is the standard notation for the log 10 of the solar relative number abundance of an element with respect to hydrogen and (X/H) is the log 10 number abundance of the element with respect to hydrogen +12 for the Sun.
Analysis We used the values for [C/H], [O/H], (C/H) , and (O/H) published in
(1) We derived Mg/Si ratios for the sample as well using the same procedure.
The errors presented in the catalog are given as log relative errors for each element. This allowed a direct calculation of the relative errors from the quadrature sum of the errors for the two elements in the ratio. dex, and 0.008 dex respectively. The errors were calculated using all of the stars in the sample with repeated observations. The pairwise abundance differences for all such stars in the sample were collected and the central 68% of the distribution for each element was taken. These values were multiplied by a factor of 2 for the final uncertainties as discussed in detail in Brewer et al. (2016) . The reported uncertainties in [Mg/H] and [Si/H] are quite small and may not fully capture uncertainties due to NLTE effects, errors in the atmosphere models or the empirically corrected trend. Because atmospheric models are tuned to the Sun, they are less robust for stars that are increasingly non-solar. To minimize systematic errors from model atmospheres, we established a subset of comparison stars that were similar in temperature and surface gravity to the Sun.
RESULTS
The distribution of C/O in slowly rotating F, G, and K dwarfs in the solar neighborhood ( Figure  1 ) has the expected distribution from stellar models (Woosley & Weaver 1995) and those of galactic chemical evolution (Gaidos 2015) . The maximum ratio in our sample of 849 stars is C/O = 0.66±0.068. Only four stars approach the minimum C/O ratios necessary to form carbon rich rocky planets (Moriarty et al. 2014) and none are in the carbon rich regime that would make such planets probable. The median of the sample is 0.47, which means that the Sun at C/O = 0.55 is slightly carbon rich compared to the stars in our sample. The standard deviation in the sample is 0.07, though the distribution has a long tail towards lower C/O ratios.
At lower metallicities, the C/O ratio increases with [Fe/H], though at [Fe/H] −0.1 dex the distribution is relatively flat. This plateau in C/O matches expectations from the galactic chemical evolution model for stars in the solar neighborhood of Gaidos (2015) , though the exact location of this plateau varies by both location in the disk and carbon and oxygen yields from low and intermediate mass stars (Carigi et al. 2005) . We used Gaussian kernel regression to find an appropriate functional fit to the mean of the distribution. The final quadratic fit (Figure 2) closely matches the Gaussian kernel regression with a rms scatter of 0.06. Recent results from Nissen (2013); Nissen et al. (2014) and Teske et al. (2014) fit linear trends that have similar slopes to our fit at lower metallicities; however, our distribution differs in that it levels off at metallicities > −0.2 and we do not understand the reason for that difference.
The C/O ratio of the metal rich star 55 Cnc has been reported to have C/O as high as 1.12 (DelgadoMena et al. 2010) , motivating speculation about the possibility of diamond planets (Madhusudhan et al. 2012) . Subsequent analyses yield lower values for 55 Cnc, but the lowest at 0.78 ± 0.08 (Teske et al. 2013 ) still allowed for the possibility of forming carbon rich terrestrial planets. In contrast, we derive a C/O ratio for 55 Cnc of 0.53 ±0.054, almost identical to the Sun.
The distribution of C/O ratios for known planet hosts is very similar to that of stars without known planets. However, we note that our knowledge about the existence of planets is strongly biased toward gas giant planets in this sample. Since the C/O ratio is correlated with [Fe/H] (Figure 2) , we expect that a small shift in the peak of the C/O distribution for planet hosting stars statistically reflects the higher metallicity of these stars. The distribution of Mg/Si ratios has a median value of 1.02 ( Figure 3) ; 40% having Mg/Si < 1 and the remaining 60% of the stars have Mg/Si between 1 and 1.4. (4)- (7)) along with the calculated C/O (Column (8)), Mg/Si (Column (9)) and the number of known planets around the star (Column (10)). Columns (1)-(3) are the SPOCS ID, name and V magnitude as presented in the catalog. Based on the uncertainties provided in Brewer et al. (2016) , the uncertainties in the C/O values are ±10% and the uncertainties in the Mg/Si values are ±3.3%.
DISCUSSION
The importance of C/O to the interior structure of rocky planets has prompted recent spectroscopic work in identifying the distribution of C/O in stars. The carbon to oxygen ratio is also a tracer of stellar and galactic chemical evolution and photometric surveys have previously explored this same question. Photometric surveys have the advantage of both expanded wavelength coverage into the IR and large numbers covering tens of thousands of stars. A study combining infrared photometry and low resolution spectroscopy found that only 4 of nearly 10,000 low mass stars had C/O > 1 (Covey et al. 2008) , though even those are thought to form from binary mass transfer instead of having primordially high C/O (Steinhardt & Sasselov 2005) . Nissen et al. (2014) (using the 6300Å oxygen line and the 7800Å triplet) and Teske et al. (2014) that have similar slopes to the low metallicity end of our sample, but don't adequately capture the leveling off of C/O at higher metallicities. Optical spectroscopic surveys analyze a relatively small number of C and O atomic lines. The optical lines can also be difficult to measure because of line blends and the literature shows estimates for the number of stars with primordial C/O > 1 ranging from ∼ 0 to as high as 10% (Nissen et al. 2014; Petigura & Marcy 2011) .
The distribution of C/O ratios calculated here are shifted to slightly lower values relative to distributions from other spectroscopic analysis (Petigura & Marcy 2011; Delgado-Mena et al. 2010) . However, our distribution of lower C/O ratios agrees with the large photometric searches for carbon-rich dwarfs (Covey et al. 2008) . One possible explanation for the discrepant comparison with these other spectroscopic analyses, is that in addition to the atomic C and O transitions, our analysis also includes hundreds of molecular lines, which may make our analysis more robust. We also exclude the [OI] line at 6300Å because it is blended with a nickel line and a weak CN line. Recent spectroscopic analyses that include the oxygen triplet at 7770Å (Nissen et al. 2014; Teske et al. 2014; Nissen 2013; Teske et al. 2013 ) derive lower C/O ratios, in closer agreement with our distribution.
In systems with high C/O ratios, we expect to find planets with exotic compositions. The fact that C/O ratios for other stars are so similar to the Sun suggests it will be rare for rocky planets to be carbon rich (Madhusudhan et al. 2012) .
Nevertheless, the broad distribution of Mg/Si in our sample combined with the overall low C/O ratios indicates that there will still be a large diversity of terrestrial planet compositions. Within measurement uncertainties, the known planet hosts in the sample have essentially the same abundance ratio distribution as the sample as a whole. Our stars can be divided into two regimes of Mg/Si: Earthlike magnesium silicate compositions or more silicon rich mineralogy. Terrestrial planets around any of these stars would be dominated by the same elements as rocky planets in the solar system (O, Fe, Mg, and Si) but the specific compositions of the rocks will be influenced by which side of Mg/Si= 1 line they fall on (Moriarty et al. 2014; Bond et al. 2010; Delgado-Mena et al. 2010) .
Silicon rich systems (Mg/Si < 1) will have their available magnesium bound up in pyroxene (Bond et al. 2010 ) leaving silicon free to form other silicate species. The Mg/Si ratio is between 1 and 1.4 in 60% of the systems that we considered, suggesting that Earth-like compositions may be relatively common. However, rocky planets around stars with Mg/Si < 1 could have profoundly different planetary geology with implications for habitability since vulcanism, silicate weathering, and the carbon cycle may all be altered by the differing mantle and crust properties (Foley 2015) .
Planets of differing compositions will have slightly different mass-radius relations due to the varying equations of state of the rocks under pressure. Estimates from models predict a change as small as 2% in the radius and 6% in the mass over the range of probable Mg/Si and Fe/Si ratios for an Earthsized planet (Zeng et al. 2016 ). However, with better knowledge of these chemical ratios we can better constrain the core mass fractions and mantle radius fractions that influence mantle convection (Unterborn et al. 2016 ), a key ingredient to planet habitability.
Intrinsic Distribution vs. Systematics
The formal uncertainties on the abundances from Brewer et al. (2016) account for the precision of fitting a model to observations and were already doubled to account for errors in their models. However, as uncertainties in the models are known to increase as temperatures and gravities diverge from solar values, we consider wether some of the observed spread in the C/O or Mg/Si ratios could be due to scatter from systematic errors. For Sunlike stars, these model uncertainties should be minimized and only the statistical uncertainties should dominate. We evaluated the magnitude of these systematics by comparing the distributions of a restricted set of 344 stars with log g > 4.0, and T eff within ±200 K of the Sun.
Looking first at the C/O ratios ( Figure 4 ) we see that the distribution of Sunlike stars ifollows the same general distribution as the sample as a whole, but is slightly more centrally peaked. This indicates that the systematic differences are small as we move away from solar values. We also included the PDF of a log-normal distribution using the uncertainties in [C/O] in Figure 4 . The narrow distribution indicates that the formal uncertainties are also not responsible for the spread in the C/O ratios. Multiplying the uncertainties by an additional factor of two would give a distribution similar to the higher C/O values but would still not explain the tail to lower values.
The uncertainties in [Mg/H] and [Si/H] are much smaller than for carbon and oxygen, though were derived in the same manner. In Figure 5 we have plotted the PDFs for the full sample, the sub-sample of Sunlike stars, and a log-normal PDF using the uncertainties in [M g/Si] . The PDF for the Sunlike stars is very similar to that of the sample as a whole, though slightly narrower. supporting our assertion that a distribution of Sunlike stars will exhibit smaller systematic errors. However, the width of the Mg/Si distribution is too broad to be explained by modeling errors. Brewer et al. (2016) had already inflated the formal errors by a factor of two; we would need to scale this by an additional factor of four in order to reproduce a distribution that is similar to our restricted set of Sunlike stars. To reproduce the width of the Mg/Si distribution for all of our stars, we would need to scale our errors up by a factor of five. Without a physical motivation for such a large scaling factor for our formal errors, we conclude that the scatter in the distribution of -The distribution of Mg/Si ratios for known planet hosts (orange) and all other stars in our sample (blue). Probability density functions (PDF) calculated using a Gaussian kernel density estimator and scaled to the area of the histograms are also presented. The red dotted line marks the median of the sample. The grey-dashed line marks the point at which silicate chemistry in the disk would lead to differing final compositions for rocky planets. Below 1.0, the excess of silicon would allow additional silicon species to form beyond the more Earth-like compositions which would form in systems with Mg/Si ≥ 1.0. Three stars with 0.5 < Mg/Si < 0.8 were excluded from the plot for clarity.
Mg/Si has a cosmic origin that is intrinsic to our sample and not introduced by our analysis.
Conclusions
We find that the carbon to oxygen ratio in the solar neighborhood is peaked just below the solar value at 0.47 with a steep drop off at super solar values. There are no stars out of the 849 in our sample with C/O > 0.7, implying that the formation of carbon-rich rocky planets is rare among stars represented by our sample. The distribution of Mg/Si ratios for the stars peaks around 1.0 and the broad distribution suggests two populations of terrestrial planets having different rocky compositions: Earth-like and silicate rich. Silicate rich planets very different than those in the solar system could form in 40% of the systems in our sample. Though the differences in planet radius between these two compositions are currently unmeasurable, the stellar abundance ratios may be interesting for probing the range of rocky planet interiors or understanding the onset of plate tectonics and exoplanet geology.
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